Residual stress in an organ is defined as the stress that remains when all external loads are removed. Residual stress has generally been ignored in published papers on left ventricular wall stress. To take residual stress into account in the analysis of stress distributions in a beating heart, one must first measure the residual strain in the no-load state of the heart. Residual strains in equatorial cross-sectional rings (2-3 mm thick) of five potassium-arrested rat left ventricles were measured. The effects of friction and external loading were reduced by submersing the specimen in fluid, and a hypothermic, hyperkalemic arresting solution containing nifedipine and EGTA was used to delay the onset of ischemic contracture. Stainless steel microspheres (60-100 gm) were lightly imbedded on the surface of the slices, and the coordinates of the microspheres were digitized from photographs taken before and after a radial cut was made through the left ventricular free wall. Two-dimensional strains computed from the deformation of a slice after one radial cut were defined as the residual strains in that slice. It was found that the distributions of the principal residual stretch ratios were asymmetric with respect to the radial cut: in areas where substantial transmural strain gradients existed, the distributions of strain components were different on the two sides of the radial cut. A second radial cut produced deformations significantly smaller than those produced from the first radial cut. Hence, a slice with one radial cut may be considered stress free. Our results show that the circumferential residual strain was negative in the endocardial region (stretch ratios were significantly less than 1.00, p<0.001 for five slices), while those in the epicardial region were either positive or negative with a much smaller magnitude. This residual strain distribution suggests that, in general, there is compressive circumferential residual stress at the inner layers of the ventricle. A residual stress distribution of this nature may reduce the endocardial peak in circumferential tensile stress at end diastole predicted by analytical models using nonlinear material properties. (Circulation Research 1990;66:37- 
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Residual stress in an organ is defined as the stress that remains when all external loads are removed. Residual stress has generally been ignored in published papers on left ventricular wall stress. To take residual stress into account in the analysis of stress distributions in a beating heart, one must first measure the residual strain in the no-load state of the heart. Residual strains in equatorial cross-sectional rings (2-3 mm thick) of five potassium-arrested rat left ventricles were measured. The effects of friction and external loading were reduced by submersing the specimen in fluid, and a hypothermic, hyperkalemic arresting solution containing nifedipine and EGTA was used to delay the onset of ischemic contracture. Stainless steel microspheres (60-100 gm) were lightly imbedded on the surface of the slices, and the coordinates of the microspheres were digitized from photographs taken before and after a radial cut was made through the left ventricular free wall. Two-dimensional strains computed from the deformation of a slice after one radial cut were defined as the residual strains in that slice. It was found that the distributions of the principal residual stretch ratios were asymmetric with respect to the radial cut: in areas where substantial transmural strain gradients existed, the distributions of strain components were different on the two sides of the radial cut. A second radial cut produced deformations significantly smaller than those produced from the first radial cut. Hence, a slice with one radial cut may be considered stress free. Our results show that the circumferential residual strain was negative in the endocardial region (stretch ratios were significantly less than 1.00, p<0.001 for five slices), while those in the epicardial region were either positive or negative with a much smaller magnitude. This residual strain distribution suggests that, in general, there is compressive circumferential residual stress at the inner layers of the ventricle. A residual stress distribution of this nature may reduce the endocardial peak in circumferential tensile stress at end diastole predicted by analytical models using nonlinear Slicing of the rat heart was a simple and fast procedure. The arrested, isolated heart was secured with a pin at the apex. Holding the aortic cannula at the other end, a single-edged razor blade was used to slice the heart perpendicular to its axis in the equatorial region ( Figure 1A ). The slices were 2-3 mm thick and were always analyzed with the base end facing up.
A preliminary study was performed using epicardial markers that showed that this slicing technique did not produce any measurable deformation in the circumferential direction. In other words, within the experimental accuracy, the shape of the equatorial slice was the same as its configuration while part of the intact ventricle.
After slightly drying the surface of the slice with an absorbent cloth, stainless steel microspheres (60-100 gm diameter) were sprinkled on the slice and lightly pressed into the tissue. The illuminated microspheres served as a grid for strain field measurements. With the microspheres in place, the slice was moved to a small dish containing the same perfusate as previously described at room temperature. The slice was completely submerged in the fluid, and any loose microspheres were rinsed from the surface. The slice assumed its natural shape resting on a plastic pedestal. The surrounding fluid counteracted the gravita-*Surface traction, or stress vector, represents the force per unit area acting on the surface. FIGURE 2. Equatorial slice of a rat heart showing imbedded microspheres. The photog raph on the left is before radial cutting (no-load state) and that on the right is after radial cutting (stress-free state).
1 cm tional and frictional forces, leaving the slice in the no-load state. After a photograph was taken, the free wall of the left ventricle was cut radially ( Figure 1B ) at a location opposite to the right ventricle and photographed within 30 seconds of radial cutting. It was imperative that the photograph of the radially cut configuration be taken as quickly as possible so that extraneous deformations resulting from contracture were not recorded. Photographs of an equatorial slice before and after radial cutting are shown in Figure 2 . After the radial cut was made, the slice was considered to be in the "stress-free" state.
Opening Angle
A simple quantitative measure that reflects the residual strain distribution in a slice of the left ventricle is the opening angle ( Figure 3C ). Although the opening angle cannot give the same description of strain as the deformation analysis described in the next section, opening angles may be incorporated into analytic and continuum mechanics models for stress and strain. The opening angle of a thin latitudinal slice of the left ventricle was defined as the angle between the two radial lines connecting the center of the ventricular chamber and the centerlines of the walls at the cut edges. The steps used to estimate the chamber center and opening angle in the stress-free state are outlined in Figures 3A and 3B . Strain Calculation
The basis for our finite strain distributions is the homogeneous strain analysis from two-dimensional continuum mechanics theory. 15 This method has been previously used for calculation of myocardial twodimensional finite strains using ultrasonic crystals, '6 and has been extended for measuring myocardial three-dimensional finite strains using radiopaque myocardial implants.17,18 The basic assumption of this analysis is that the strain in an area defined by three planar points is homogeneous (constant). Selected microsphere positions were digitized in the no-load and stress-free states from the enlarged photographs. The position of each microsphere was digitized five times and averaged. The x-y coordinate data were used to estimate the strain components in each area defined by three selected points forming a "triad." The finite Lagrangian strain components were calculated from 2 2 As2-As02= 1 > 2EilEaiaaj, j=1 1=i
where As and Aso are the lengths of each side of the triad in the stress-free and no-load states, respectively, and Aai and Aaj are the respective x and y components of Aso. To calculate the three independent strain components Eij, three linear equations were written for the three sides of the triad, and solved simultaneously. cardium without ischemic contracture. The cardioplegic solution described in "Materials and Methods" section was formulated to maintain the tissue in the arrested state without contracture. To demonstrate the effectiveness of the perfusate and protocol, opening angles (as defined in "Materials and Methods" section) of a few slices were examined over a period of time. In the absence of ischemic contracture, the opening angle is a function of the residual stress distributions (among other properties such as geometry and material constants). As ischemic contracture sets in, the forces generated by the muscle cells cause the opening angle to increase. If a specimen with a radial cut is allowed to reach full contracture (approximately 1 hour later), the opening angle approaches 1800, and the stiffness of the specimen increases dramatically.
A few preliminary studies were done with a different perfusate and a different arresting protocol. Several equatorial slices were taken from hearts that were arrested after aortic cannulation, with a perfusate that did not contain nifedipine or EGTA. Figure  4 shows the results from three of these experiments (circles). The first data point (time zero) is taken within 30 seconds of the radial cutting. It is seen that the opening angle was increasing during the entire data acquisition period, presumably due to the onset of ischemic contracture. Many other experiments showed similar results. WVhen the heart was arrested in vivo, with nifedipine and EGTA added to the perfusate, the opening angle remained constant for the first few minutes after radial cutting (shown as triangles in Figure 4 ). The mean initial opening angle from 11 of these slices was 45±+100 (1 SD) . In all cases, the opening angle was estimated with the steps outlined in "Materials and Methods" section.
Distribution of Residual Strain in Equatorial Slices
To simplify the presentation of the results of surface residual strain measurement, only the princi- pal strain components, in terms of stretch ratios, are given. We have chosen to plot the stretch ratios corresponding to the principal strains, as a function of radius, at different circumferential locations. Along several radial lines, triads are chosen such that their centers lie within a given distance from the radial line (the limit of that distance was set at 7% of the external radius of the slice). On average, the perpendicular distance from the center of a triad to the radial line is 3% of the external radius of the slice. Figure 5 is a drawing of a slice in the no-load state, showing the positions at which strains were found along four of the radial lines. The triad regions used for the strain calculations are shown for two of the lines. The stretch ratio plots for one equatorial slice are shown in Figure 6 . Each small graph is a radial distribution of the two principal stretch ratios in the plane of the slice. Within the equatorial slices, the principal directions of the residual strain coincide more or less with the local radial and circumferential directions. Hence, these stretch ratios will be referred to as "radial" and "circumferential," although their directions may differ somewhat from the actual radial and circumferential directions. As an example, for the nine stretch ratio distributions shown in Figure 6 , the directions of principal strain differ from the local estimated circumferential-radial directions by an absolute average of 140 (range 5°-28°).
To examine statistical differences in these strain distributions, we have combined data from five equatorial slices. The transmural stretch ratios have been divided into three regions, each comprising 33% of the wall thickness, and are referred to as endocardial, midwall, and epicardial. In all cases, the wall of the right ventricle and the left ventricular papillary muscles have been ignored. In the no-load configuration, each slice has been further divided into four 900 quadrants, with the position of the cut used as a reference (see Figure 5) . Near the center of each quadrant, a representative stretch ratio distribution has been found, and the two principal stretch ratios have been averaged for each of the three transmural regions. Thus, each slice gives 12 average stretch ratios in each of the principal directions. Figure 7 shows the means and standard deviations from five such slices.
The average endocardial circumferential stretch ratio from all four quadrants was 0.911+0.055 (mean+ 1 SD). A Student's t test shows this to be significantly less than A=1.00 (p<0.001). Thus a significant compressive endocardial prestrain in the circumferential direction exists in each of the four quadrants. The epicardial circumferential stretch ratios were greater than 1.00 in quadrants 1 and 2 (p=0.006 and 0.012, respectively), with no significant differences in quadrants 3 and 4. Therefore, a significant difference exists between endocardial and epicardial circumferential stretch ratios. The stretch ratio distributions in quadrants 1 and 4 have different patterns. A t test comparing groups from quadrants 1 and 4 shows significant differences in both the circumferential (p=0.004) and radial (p=0.011) epicardial stretch ratios, with no significant differences in the endocardial or midwall values. Thus, there is evidence for posterior wall versus anterior wall strain distribution variation.
Additional Deformation due to an Additional Cut
To answer the question of whether one cut is enough to relieve all residual stress in a slice of myocardium, a few experiments were performed in which a second radial cut was made directly opposite to the first. This second cut relieves normal and shear stresses remaining in the specimen along the second cut surfaces. The second cut induces additional deformations. These additional strains were measured referenced to the single cut configuration (given in terms of principal stretch ratios). Figure 8 shows the stretch ratios at one circumferential location (shown below plots) after one, and then after a second radial cut. The stretch ratios due to the second cut are referred to the configuration after the first radial cut. The mean stretch ratios along the chosen radius resulting from the second cut are 0.990+0.007 and 1.019+0.018 (mean+1 SD) for A1 and A2, respectively. The differences of these numbers from unity are small enough that they lie within the limits of experimental accuracy of the method. Hence, the additional strain due to the second cut can be considered small when compared with that after one cut, and a slice with one radial cut is considered to be free of stress. Discussion When a radial cut is made through an equatorial slice of the left ventricle, the ring opens up to an arc, showing the existence of residual stress. Although it may be possible to measure these residual stresses directly using some strain gauge devices, an accurate method to measure the myocardial forces directly is unknown.719 At the present time, the only way to accurately assess the residual stresses in the myocardium is to calculate them from analytical or finite element models once the residual strains have been measured. Even if the experimental measurements are precise, the calculation can only be as accurate as the assumed stress-strain relation.
For diastolic residual strain measurements, ideally the diastolic mechanical properties of the myocardium should be preserved. Although the mechanical properties of the potassium-arrested myocardium are probably different from the diastolic properties of contracting muscle, our experimental protocol was designed to measure strain in arrested myocardium without contracture. Ischemic contracture will alter the mechanical properties of the tissue and hence change the measured residual strains. Certain interventions can reduce ischemic contracture,20,21 such as hyperkalemic arrest and hypothermia.22,23 A calcium channel blocker may provide increased protection Quadrant FIGURE 7. Bar graph ofprincipal stretch ratios represented as mean and standard deviation forfive equatorial slices. The slices have been divided transmurally into three equal regions (Endocardial, Midwall, and Epicardial) and circumferentially divided into four quadrants (Q1-Q4). The quadrants are shown in Figure 5 . Near the center of each quadrant, the transmural distributions of the two principal stretch ratios were found and the data were averaged for each of the three transmural regions. A1 is referred to as the "circumferential" principal stretch ratio, and A2 is the "radial. "
against contracture during cardioplegia. gradual increase in observed opening angle is presumably due to the effects of ischemic contracture.
Our results have shown that arresting the heart with a hypothermic, hyperkalemic solution with EGTA and nifedipine delayed the adverse mechanical effects of contracture, since the opening angle remained constant for the first few minutes after radial cutting.
We have chosen to present the principal strains (stretch ratios); hence, normal and shear components of the strain tensor are not explicitly given. If the principal angles correspond to the local circumferential and radial directions, the shear strains will be zero, and the radial and circumferential components will be equal to the two principal strains. For simplicity, the radial direction is assumed to always pass through the center of the no-load ventricular slices. Due to the irregular geometry of the slices, the estimated local radial and circumferential directions may not be accurate. Even though our calculated principal directions were statistically different from the radial and circumferential directions found directly from the slice geometry, the example of Figure 6 shows an average absolute difference of about 140. As The residual strains of equatorial slices measured in this study do not conform to a simple, regular pattern. Slices from similiar locations in different hearts do show somewhat predictable strain patterns. The anterior free ventricular wall (right side of slices) has a strain distribution close to what might be expected from pure bending of the ventricular wall: a transmural gradient of circumferential principal stretch ratio with endocardial values less than unity and epicardial values greater that unity. Near the intraventricular septum, the maximum stretch ratios are smaller in magnitude. On the posterior ventricular free wall (left side of slices), the strain pattern does not suggest simple bending of the wall. In all cases, the endocardial circumferential stretch ratios are less than unity. This trend is significant for all of the locations around the circumference. In general, this points to a compressive residual circumferential stress for this portion of the left ventricular wall. This is an important feature when considering stress concentration reduction at the endocardium. The nonaxisymmetric distribution of residual strain may be due to regional variations in wall thickness and wall curvature, or possibly caused by mechanical interaction with the papillary muscles.
Residual strain is defined with respect to the zero-stress state. The tissue is completely free of stress only if an arbitrary cut does not cause a deformation. In our myocardial slices, the stretch ratios resulting from a second radial cut are small compared with those obtained after the first cut, particularly in regions further removed from the second cut. This is expected from the well-known St. Venant principle27 because the resultant normal and shear forces and bending moment must vanish over the second cut. The St. Venant principle states that in an elastic body, the influence of any system of loads with zero resultant forces and moments will vanish as the distance from the loads increases indefinitely. In all probability, however, local residual stress still exists in the slice even after two radial cuts have been made. The only way to relieve all of these local residual forces may be with innumerable "microscopic" cuts. At the present time, this is not experimentally feasible. Using a continuum approach, these local stress "concentrations" are considered to exist on a much smaller scale than the dimensions of the slice. From this point of view, we may assume that the stress-free state is closely represented by an equatorial slice with a single radial cut.
The opening of the radial cut may be influenced by other factors besides the residual stress such as localized tissue damage near the cut surfaces, interstitial fluid movement and changes in interstitial pressure, and ischemic contracture. Even if our preparations are free from such effects, the components of the ventricular wall that "create" the residual stress have not been identified. Likely candidates include the myocytes and/or the collagen network. Studying residual stress and strain in the hypertrophic heart, wherein the collagen and muscle cells may change in size, shape, or rheological properties, may help resolve the question as to which components are important in the generation of the residual forces. Residual stress has many possible implications to the physiology of the left ventricle. Direct implications may include altering the diastolic stress distribution in the ventricle in such a way as to lower the endocardial tensile stress components, changes in hypertrophic adaptation, and alteration of myocardial blood flow patterns. Indirectly, residual stress can affect dynamic features of the heart such as force of contraction, stroke volume, and tissue oxygen consumption by changing the end-diastolic stress distribution, that is, the preload on each muscle fiber.
It is evident that residual stress may be an important factor in many facets of cardiac dynamics.
The present description of residual strain in the left ventricle is far from complete. Three-dimensional residual strain fields must be found for the entire left ventricle. Although the present method cannot measure strains perpendicular to the plane of the slice, in all probability residual stresses and strains exist in this direction and should be quantified before a three-dimensional model for residual stress is formulated. Even though an accurate model for residual stress in the left ventricle has not been developed, the zero-stress/zero-strain reference state should be carefully considered in analyses of ventricular wall stress and ventricular mechanics. A valid model predicting left ventricular residual stress should include the large deformations of a nonlinear elastic material anisotropic with respect to a fiber axis changing continuously through the three-dimensional geometry. Many cardiologists, using relatively simple linear models for stress, often wrongly assume that wall stress is zero when the ventricular pressure is zero.
In conclusion, two-dimensional residual strain distributions have been found for equatorial slices of potassium-arrested rat hearts. Residual stresses are relieved in a thin slice with a single radial cut opposite to the right ventricle. A second radial cut resulted in small deformations, indicating that a thin slice with a single radial cut is essentially stress free. The slices consistently opened up to an arc with an opening angle of about 45°. The residual principal strain distributions corresponding to this opening were calculated and showed significant differences on the posterior and anterior walls. In all cases, the endocardial circumferential principal strains were negative, which suggests a compressive residual circumferential stress component. A residual stress distribution of this nature may reduce tensile endocardial stress concentrations predicted by mathematical models of ventricular wall stress using nonlinear constitutive material properties.
